Professor R. A. Millikan' has recently found evidence for the existence of very penetrating radiation which originates from sources outside of the earth. The mass-absorption coefficient of these rays is but 0.0018 per gram of water, which is far below the absorption coefficient of the hardest gamma rays. These Millikan rays are so short that their total mass-absorption coefficient is-equal to the mass-scattering coefficient, the true absorption coefficient being negligible. Millikan' suggests that these penetrating rays may be produced by the formation of helium out of hydrogen, or by the capture of an electron by a positive nucleus. Jeans5 has calculated that radiation of wave-length 1.3 X 10-5 A is produced when an electron and a proton are annihilated on collision. This wave-length is calculated by equating the sum of the mass energies of the proton and electron to the energy of the quantum produced. In this calculation, however, no account is taken of the momenta before and after annihilation. Recent experiments by A. H. Compton6 and others on the change of wave-length when X-rays are scattered and the beautiful experiments of Compton and Simon7 on the relation between the direction of the scattered X-ray quantum and the direction of recoil of the scattering electron are only explicable on the assumption that the law of conservation of momentum holds for each individual scattering process. It, therefore, seems reasonable to require that this law should hold when radiation is produced by the destruction of matter. In this article, we'shall assume 169 VOL. 12, 1926 
Professor R. A. Millikan' has recently found evidence for the existence of very penetrating radiation which originates from sources outside of the earth. The mass-absorption coefficient of these rays is but 0.0018 per gram of water, which is far below the absorption coefficient of the hardest gamma rays. These Millikan rays are so short that their total mass-absorption coefficient is-equal to the mass-scattering coefficient, the true absorption coefficient being negligible. A. H. Compton2 gives a/p = (co/p)/(l + 2a)
where cr/p is the mass-scattering coefficient of X-rays of wave-length X in a substance, ao/p is the Thomson3 mass-scattering coefficient, and a h/mcX, h being Planck's constant, m the mass of the electron and c the velocity of light. As ao/p is approximately 0.22 per gram for water, we find from eq. (1) that X = 0.0004 A. However, Jauncey4 also gives a formula cr/p = (ao/p)/(l + a)2
for the mass-scattering coefficient. Solving eq. (2) we find X = 0.0024 A. Millikan's range of wave-lengths 0.0004 to 0.00067 A which is calculated on Compton's formula becomes 0.0024 to 0.0032 A when Jauncey's formula is used.
Millikan' suggests that these penetrating rays may be produced by the formation of helium out of hydrogen, or by the capture of an electron by a positive nucleus. Jeans5 has calculated that radiation of wave-length 1.3 X 10-5 A is produced when an electron and a proton are annihilated on collision. This wave-length is calculated by equating the sum of the mass energies of the proton and electron to the energy of the quantum produced. In this calculation, however, no account is taken of the momenta before and after annihilation. Recent experiments by A. H. Compton6 and others on the change of wave-length when X-rays are scattered and the beautiful experiments of Compton and Simon7 on the relation between the direction of the scattered X-ray quantum and the direction of recoil of the scattering electron are only explicable on the assumption that the law of conservation of momentum holds for each individual scattering process. It, therefore, seems reasonable to require that this law should hold when radiation is produced by the destruction of matter. In this article, we'shall assume that in all interactions between radiation and matter, the following principles must be satisfied:
(a) Conservation of energy, (b) Conservation of momentum, (c) Conservation of charge, (d) Reversibility of process considered, (e) Velocities never to exceed that of light.' The process considered by Jeans does not satisfy either (b) or (d). The writers in a brief letter to Nature8 point out that the reverse to Jeans' process would be the spontaneous disappearance of the quantum, without apparent cause and a proton and an electron to appear in its place. Such a process is difficult to imagine. We shall now proceed to discuss various processes.
1. One Proton and One Electron.-We shall suppose that the proton originally has a velocity 1lic and that the electron has a velocity P32c. (4) Multiplying eq. (7) by c and comparing with eq. (6), it is obvious that cos 0 must be negative and 12 cannot be zero. The velocity of the electron which recoils after the disappearance of the proton and the other electron, therefore always has a component in the opposite direction to the direction of travel of the quantum. By differentiation it can be shown that for a given value of (I, hv is a minimum when c = 1800. Putting 0 = 1800 in eqs. (6), (7) and (8), and solving, we obtain 1w = -2 (1+ M
The smallest value of hp is Mc2/2 when ,1 = 1, while for ,13 = 0 its value is slightly greater than Mc2/2. The greatest value of hp is c, which occurs when 4 = 00 and #1I = 1. Hence, this process gives X = 2.6 X 10-5 A or less. X = 2.6 X 10-5 A is approximately the value when two electrons and a proton fall into each other all starting from rest, in which case 2 = 0.9999995. The reverse process of course is the quantum hitting an electron and producing a proton and two electrons. Hence all conditlons are satisfied. It is curious that in the reverse process the quantum must hit a moving electron.
3. Two Protons and One .Electron.-We shall consider only the case where two protons and one electron all originally at rest come together and produce one quantum and one proton, the momentum of the remaining proton being equal and opposite to that of the quantum. The equations are obtained from Eqs. (6) and (7) by interchanging m and M and by putting ,13 and 4 = 0 and 0 -1800. We then obtain hp = 3Mc2/4 (or X = 1.95 X 10-5 A) and 2 = 3/5. Hence conditions (a).... (e) are satisfied. We may also satisfy condition (b) by assuming that the four protons and two electrons are all moving with velocity j3c in the direction of the quantum which is to be ejected. The protons and electrons then come together giving rise to the quantum and a helium nucleus at rest. In this case the solution gives slightly less than 0.00043 A, while the initial velocity ,B is 0.008. The reverse process is a quantum hitting a helium nucleus at rest and producing 4 protons and two electrons.
Again we may satisfy condition (b) by assuming that three protons and two electrons are originally at rest while the fourth proton is moving with velocity (3c in the direction in which the quantum is to be ejected. The protons and electrons come together giving rise to the quantum and a helium nucleus at rest. The solution is now X slightly less than 0.00043 A and,f = 0.03. It is interesting to consider the reverse of the three cases just discussed. It seems that a wave-length of about 0.0004 A falling on helium should break it up into hydrogen. This suggests an experiment in which two receptacles containing helium are placed the one on a mountain top so as to receive the Millikan rays and the other suspended at a depth in a mountain lake. If there is anything in the present speculations,. the first receptacle after an interval' of time should contain hydrogen while the second should not. Also it would seem that X = 0.0004 A should be a critical absorption wave-length A fourth way of satisfying condition (b) is to suppose that initially we have four protons and one electron. at rest and.-a second electron moving with velocity ,3c, a helium nucleus at rest and a quantum being produced. The solution of this problem gives X = 0.0008 A and S = 0.9995. The interest in this particular process is that the inverse process is similar,to the photelectric effect of X-rays in that, when a quantum of X = 0.0008 A strikes a helium nucleus, an electron is ejected with a velocity , = 0.9995 and the remainder of the nucleus splits up into four protons and one elec- 6 A. HI. Compton, Physic. Rev., 22, 409 (1923) . Compton and Simon, Ibid., 26, 289 (1925) .
S Hughes and Jauncey, Nature, Feb. 6 (1926) . 9 In our letter to Nature, X = 0.0018 A is reported instead of X 0. The correspondence principle postulates a relation betWeen the average rate at which energy is actually being discontinuously emitted by quantum transitions and the continuous rate of emission which would be calculated on the basis of the classical theory. -In the field of atomic and molecular behavior the principle has hitherto only been used to predict what spectral lines will not occur at all and to predict the relative intensities of spectral lines of similar origin. Since, however, the classical theory
